In previous work it had been shown that Acinetobacter calcoaceticus wild-type strain NCIB 8250 had only an L-mandelate deydrogenase but it could give rise to mutants that contained an evolved D-mandelate dehydrogenase ; conversely, wild-type strain EBF 65/65 had only a Dmandelate dehydrogenase but gave rise to mutants that possessed an evolved L-mandelate dehydrogenase. Several other wild-type strains of A . calcoaceticus have now been shown to grow on both enantiomers of mandelate. In every case the L-mandelate dehydrogenases were found to be much more heat-stable and insensitive to inhibition by p-chloromercuribenzoate than were the D-mandelate dehydrogenases when measured in bacterial extracts. All the D-mandelate dehydrogenases in the wild-type strains were inactivated to about the same extent by an antiserum that had been raised in a rabbit against an evolved D-mandelate dehydrogenase. An evolved D-mandelate deydrogenase (from a mutant strain derived from strain NCTB 8250) and an original D-mandelate dehydrogenase (from a mutant strain derived from strain EBF 65/65) were purified to homogeneity by the same procedure and were indistinguishable as judged by immunological cross-reactivity of the native and the sodium-dodecyl-sulphate-denatured enzymes, solubility in cholate, net charge at pH 7.5, pl value, salting-out properties, M , value, apparent K , value for D-mandelate, heat-stability and sensitivity to p-cbloromercuribenzoate. The most likely explanation for the appearance of evolved mandelate dehydrogenases in strains of A . calcoaceticus is that cryptic genes become expressed.
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I N T R O D U C T I O N
Several bacteria and fungi can oxidize mandelate to phenylglyoxylate, and almost all of them possess either one or two stereospecific mandelate dehydrogenases (Fewson, 1988) . In Acinetobacter calcoaceticus, wild-type strain NCIB 8250 can grow on only L-mandelate and has an L-mandelate dehydrogenase but it can give rise to mutants which can grow on D-mandelate and possess D-mandelate dehydrogenase activity. Conversely, wild-type strain EBF 65/65 has only a D-mandelate dehydrogenase but mutants can be derived containing L-mandelate dehydrogenase activity ( Fig. 1 ; Hills & Fewson, 1983a, b) . Preliminary evidence from experiments with bacterial extracts indicated that the 'evolved' (or 'novel') mandelate dehydrogenases had similar properties to the equivalent 'original' dehydrogenases. For example, both original and evolved D-mandelate deydrogenases were more heat-labile and sensitive to inhibition byp-chloromercuribenzoate than were either the original or the evolved Lmandelate dehydrogenases (Hills & Fewson, l983a) . Subsequent work has shown that the evolved D-mandelate dehydrogenase and the original L-mandelate dehydrogenase are both membrane-bound, NAD(P)-independent enzymes but the former contains FAD and has an M , of 59700 whereas the latter contains FMN and has an M , of only 44000 The origin of the evolved mandelate dehydrogenases in A . calcoaceticus was not clear. They could have arisen, for instance, as a consequence of the expression of a previously 'cryptic' (or 'silent') gene (see Hall et al., 1983) , by the recruitment of an enzyme from another metabolic pathway (see Mortlock, 1982) , or by the duplication and mutation of the gene for the original mandelate dehydrogenase. In the present paper we provide more detailed evidence that the evolved D-mandelate dehydrogenase has molecular properties that are extremely similar to those of the original D-mandelate dehydrogenase and that it probably arose by the expression of a previously cryptic gene. We have also examined several wild-type strains of A . calcoaceticus that can grow on both D-and L-mandelate and we show that all their D-mandelate dehydrogenases have very similar (but not necessarily identical) properties, as do their L-mandelate de hydrogenases.
METHODS
Materials. Chemicals were of the best quality commercially available, and most of them were obtained from the sources described by Hills & Fewson (1983a) , Allison et al. (1985~2, b) and Nimmo et al. (1986) . In addition, normal goat serum and normal rabbit serum were obtained from the Scottish Antibody Production Unit, Glasgow and West of Scotland Blood Transfusion Service, Law Hospital, Carluke ML8 5ES, UK, goat anti-rabbit IgG conjugated to peroxidase from Miles Scientific, nitrocellulose paper (0.45 pm pore size) from Schleicher and Schiill, and 4-chloro-1-naphthol (HRP Color Development Reagent) from Bio-Rad. [' 251]Protein A was prepared as described by De Marcucci et al. (1985) .
Strains of bacteria. Acinetobacter calcoaceticus NCIB 8250 was obtained from the National Collection of Industrial Bacteria, Aberdeen AB9 8DG, UK. Mutant strains C1005 (NCIB 11339; no D-mandelate dehydrogenase, constitutive L-mandelate deydrogenase), C 1 123 (NCIB 1 1456, constitutive D-mandelate dehydrogenase, no L-mandelate dehydrogenase) and C1219 (NCIB 1 1457; constitutive D-and L-mandelate dehydrogenases) were derived from strain NCIB8250 (Hills & Fewson, 1983a, b) . The EBF strains of A . calcoaceticus had been isolated from spoiled chicken carcasses by Dr E. M. Barnes and were obtained from Dr A. Vivian (Department of Science, Bristol Polytechnic, Bristol BS16 lQY, UK). Mutant strains C4248 (ile-I, met-2, inducible D and L-mandelate dehydrogenases) and C4654 (ile-1, met-2, constitutive D-mandelate dehydrogenase, no L-mandelate dehydrogenase) were derived from strain EBF 65/65 (Hills & Fewson, 1983b) .
Growth of bacteria and preparation of extracts. General methods .for the maintenance of cultures and for the growth, harvesting and storage of bacteria have been summarized by Hills & Fewson (1983a, b) and Allison et al. ( 
a).
In experiments where enzyme activities were to be measured or where extracts were to be used for immune blotting, 0.1 ml samples of stock cultures were inoculated into Oxoid CM1 nutrient broth (50 or 100 ml in 250 or 500 ml Erlenmeyer flasks respectively) and grown at 23 "C without shaking for 48 h. These cultures were used as inocula (1 %, v/v) for 5 mM-L-, 5 mM-D-or 10 mM-DL-mandelate/salts media, as appropriate (see legends to
Figures), containing amino acid supplements in the case of mutant strains C4248 and C4654 (Hills & Fewson 1983a) . The cultures (50 or 400 ml in 250 ml or 2 1 Erlenmeyer flasks respectively) were shaken (180 oscillations min-l) at 23 "C overnight or until the OD500 reached 0.5 to 0.7. The bacteria were harvested by centrifuging at 6000 g for 20 rnin at 4 "C, washed by resuspension in ice-cold basal medium, centrifuged at 12000 g for 30 min at 4 "C, and finally stored at -18 "C.
Bacteria that were to be used for the purification of D-mandelate dehydrogenase were grown in complex medium in a 10 1 fermenter as described by Allison et al. (19856) .
Ability to grow on the enantiomers of mandelate was tested as described by Fewson (1967) . Extracts were generally prepared by suspending bacteria in 0.1 M-KH~PO,/K~HPO, buffer, pH 7.5, so that a 20-fold dilution had an ODsoo of 0.15 to 0'25. The suspensions were then disrupted by ultrasonic treatment as described by Hills & Fewson (1983 6) . Intact bacteria and large debris were removed by centrifuging at 12000 g for 30 min at 4 "C. The supernatant 'extracts' were assayed immediately or stored at -18 "C.
PuriJication of D-mandefate dehydrogenase. This was done exactly as described by Allison et al. (19853) . Measurement of enzyme activities. Both D-and L-mandelate dehydrogenase activities were assayed by measuring the rate of reduction of 2,6-dichloroindophenol in the presence of N-methylphenazonium methosulphate (Allison et al., 19856) . An enzyme unit is defined as the amount of enzyme catalysing the oxidation of 1 pmol substrate min-l.
Preparation of antiserum. Pure D-mandelate dehydrogenase (250 pg) that had been prepared from mutant strain C1123 (Allison et al., 1985 b) was emulsified with Freund's complete adjuvant and injected subcutaneously at several sites on a New Zealand White rabbit. Five weeks later an additional amount of enzyme (250 pg) emulsified in Freund's incomplete adjuvant was similarly injected. Antiserum was prepared from blood taken from the rabbit over the following five weeks. Samples of antisera were stored at -18 "C.
Electrophoresis for determination of purity and M, values. The procedure was essentially that described by Laemmli (1970) Immune blotting. Both crude bacterial extracts and samples of pure D-mandelate dehydrogenase were boiled for 2 min in 133 mM-Tris buffer, pH 8.8, containing 66 mM-dithiothreitol, 2% (w/v) sodium dodecyl sulphate (SDS), 10% (w/v) sucrose, and 1 pg Pyronin Y ml-l. Appropriate samples were subjected to discontinuous electrophoresis in SDS/polyacrylamide (lo%, w/v) slab gels with 5.9% (w/v) stacking gels (Laemmli, 1970) . The proteins were then transferred electrophoretically (4 h at 350 mA) to nitrocellulose sheets essentially as described by Towbin et al. (1979) with the transfer buffer supplemented with 0.02% SDS. D-Mandelate dehydrogenase was detected on the nitrocellulose sheets by two different procedures. (a) Chloronaphthol oxidation by a peroxidase conjugate. Unoccupied binding sites on the nitrocellulose were blocked with Tween 20 (0.5%) as suggested by Batteiger et al. (1982) . The sheets were incubated for 90 rnin in 20 mM-Tris/HCl buffer, pH 7.2, containing 150 mM-NaC1, 0.5% Tween 20,5% (v/v) normal goat serum and 0.5% rabbit anti-D-mandelate dehydrogenase serum and then washed for four 12 rnin periods in 20 mM-Tris/HCl buffer, pH 7.2, containing 150 mM-NaC1 and 0.5 % Tween 20 and then for 12 rnin in 20 mM-Tris/HCl buffer, pH 7.2, containing 150 mM-NaC1. The washed sheets were incubated for 90 rnin in 20 mM-Tris/HCl buffer, pH 7.2, containing 150 mM-NaC1, 5% (v/v) normal goat serum and 0.05% goat anti-rabbit IgG conjugated to peroxidase. After washing for five 12 rnin periods in 20 mM-Tris/HCl buffer, pH 7.2, containing 150 mM-NaCl, the bound peroxidase was detected by immersing the sheets in a freshlyprepared mixture of 50 ml 10 mM-Tris/HCl buffer, pH 7.4, 10 ml methanol containing 30 mg 4-chloro-l-naphthol and 150 ~1 4 % (w/v) H 2 0 2 . The sheets were removed as soon as the bands appeared and were thoroughly washed in distilled water. All these procedures were done at 23 "C. Measurements of the heat stability and the sensitivity to p-chloromercuribenzoate of mandelate dehydrogenases. Heat stability was determined by measuring the activity of the enzymes before and after incubating extracts (approximately 1 mg protein per ml of 0.1 M-KH~PO,/K~HPO, buffer, pH 7-5) at 30 "C for 4 h. In the case of treatment with p-chloromercuribenzoate, the extracts (usually approximately 100 pg of protein) were preincubated with appropriate concentrations of inhibitor for 10 rnin at 27 "C with 66.7 ~M -K H~P O , / K~H P O , buffer, pH 7.5 (total volume 2-6 ml). Bovine serum albumin, 2,6-dichloroindophenol, N-methylphenazonium methosulphate and, finally, D-or L-mandelate were then added (final volume 3-Oml) to initiate the enzyme reaction.
Analytical methods. Conductivities and protein contents were measured as described by Hills & Fewson (1983a) Strains EBF 65/65, C4654 and C1123 were grown in 5 mM-D-mandelate/salts medium, strains NCIB 8250 and Cl005 were grown in 5 mM-L-rnandelate/salts medium, and the other strains were grown in 10 mM-DL-mandelate/salts medium. Enzyme activities were measured in extracts obtained after ultrasonic treatment and centrifugation as described in Methods. The effects of heating and of pchloromercuribenzoate were tested as described in Methods. In the case of treatment with antiserum raised against pure D-mandelate dehydrogenase (from strain C1123), extracts were incubated at 23 "C for 4 h with an equal volume of antiserum that had been diluted 1 : 8 with normal rabbit serum; the mixtures were then centrifuged and the supernatant solutions assayed for enzyme activity. Control measurements were made after incubation with normal rabbit serum. (1968) found just four strains that could grow on mandelate; three strains grew on both D-and L-mandelate and one strain (NCIB 8250) grew only on the L-enantiomer. Amongst 35 EBF strains, we have found eight that can grow on both enantiomers of mandelate and one strain (EBF 65/65) that can grow on only the D-enantiomer. Whether this higher incidence of mandelate utilization is related to the source of the strains is not known.
In every case examined the L-mandelate dehydrogenase was relatively heat-stable (little change of activity after incubation of extracts for 4 h at 30°C) and insensitive to pchloromercuribenzoate (only 10-21% inhibited at l o p~) .
On the other hand, all the Dmandelate dehydrogenases were heat-labile (60-80% loss of activity after 4 h at 30 OC) and extremely sensitive to p-chloromercuribenzoate (89-100x inhibited at 10 p~) ( Table 1 ). The D-mandelate dehydrogenases in all the strains examined were inactivated to almost the same degree by an antiserum raised against the evolved D-mandelate dehydrogenase from mutant strain C1123 (Table 1) were grown in 5 mM-D-mandelatelsalts medium or 10 mM-DL-mandelate/ salts medium respectively. Extracts were prepared by ultrasonic treatment followed by centrifugation as described in Methods. (a) Extracts were incubated in the presence of appropriate concentrations of p-chloromercuribenzoate for 10 min at 27 "C and the enzyme activities were then measured in the presence of the inhibitor. The bars represent standard deviations for five or six experimental results. (b) Extracts were incubated for 4 h at 23 "C with equal volumes of appropriate dilutions (made in normal rabbit serum) of antiserum raised against pure evolved Dmandelate dehydrogenase from strain C1123. The mixtures were then centrifuged and the enzyme activities measured in the supernatant solutions. Results are shown for two experiments, in both of which assays were done in duplicate, and are expressed as a percentage of the enzyme rates obtained after incubation of extract with normal rabbit serum. One value for the 1 :32 dilution was clearly in error and is not shown. In both resembled the equivalent original enzymes with respect to heat lability, sensitivity to pchloromercuribenzoate and -in the case of D-mandelate dehydrogenase -immunological crossreactivity (Table 1) . In more detailed studies of sensitivity to p-chloromercuribenzoate and immune inactivation, the evolved D-mandelate dehydrogenase of mutant strain C 1219 showed responses that were quantitatively almost identical to those of the original D-mandelate dehydrogenase of strain C4654 (Fig. 2a, b) . The antiserum raised against D-mandelate dehydrogenase did not inactivate either L-mandelate dehydrogenase (Fig. 2 b) or D-lactate dehydrogenase even though the latter enzyme has many properties in common with Dmandelate dehydrogenase (Allison et al., 1985 3; Hoey et al., 1987) . Similarly, antiserum raised against D-lactate dehydrogenase did not inactivate D-or L-mandelate dehydrogenase.
Pure enzymes. The procedure that had been developed to prepare homogeneous evolved Dmandelate dehydrogenase from mutant strain C1123 (Allison et al., 19853) could be used to purify the original enzyme from strain C4654. The procedure involves cholate extraction of the membranes, (NHJ2S04 precipitation (which depends on the salting-out properties of the proteins), gel filtration (which depends chiefly on M J , ion-exchange chromatography (which depends on net charge at pH 7 . 9 , and chromatofocusing (which depends on PI) so the enzymes from the two strains clearly have extremely similar properties. The M , values were indistinguishable (Fig. 3a, b) and the denatured proteins were immune blotted to very similar extents using antiserum raised against the evolved enzyme (Fig. 327) . The degree of inactivation by antiserum was almost identical for both purified enzymes (results not shown). There is no detectable immunologically cross-reacting material in strains that do not possess D-mandelate dehydrogenase activity Appearance of an evolved enzymic activity could be caused by a regulatory mutation allowing the expression of a previously silent gene, by a structural mutation enabling a previously expressed but inactive protein to gain enzymic activity, or by a combination of both these effects. There was no evidence that strains NCIB 8250 or C1005, which have no detectable Dmandelate dehydrogenase activity (Table 1) but which can both give rise to mutants with an evolved enzyme (Hills & Fewson, 1983a, b) , possessed any protein that could react with antiserum raised against D-mandelate dehydrogenase. This observation held even when the gel tracks were so heavily over-loaded that other non-specific binding could be seen towards the top and bottom of the gel (Fig. 4) .
Conclusions
The evolved D-mandelate dehydrogenase from mutant strain C1123 has extremely similar properties to the original enzyme from strain C4654 as judged by immunological cross-reactivity of both the native and the denatured enzymes, solubility in cholate, net charge at pH 7.5, PI value, salting-out properties, M, value, apparent K,,, value, heat-stability, and sensitivity to pchloromercuribenzoate. This striking similarity, together with the relatively high frequency at which such mutants appear spontaneously (Hills & Fewson, 1983b) , and the absence of immunologically cross-reacting material in strains with no enzymic activity, suggests that the most likely explanation for the appearance of the evolved D-mandelate dehydrogenase activity is some regulatory mutation that allows the expression of a previously silent gene. mechanism, although not yet supported by so much evidence, probably accounts for the appearance of evolved L-mandelate dehydrogenase activity.
Equivalent enzymes in the wild-type strains have very similar properties (Table 1 ). Such differences in heat-stability or sensitivity top-chloromercuribenzoate as are indicated in Table 1 are rather slight, but there is some preliminary evidence (not shown) that the apparent K,,, for Dmandelate and the degree of immune blotting of denatured enzymes may vary from strain to strain. However, the rather wide range of specific activities observed in the various wild-type strains (Table 1) makes precise quantitative comparisons difficult as many of the effects depend not only on the amount of enzyme activity but also on the amount of total protein subjected to the different procedures. Definitive results could only be obtained by isolating pure enzymes from each of the strains. Two points emerge from these observations. First and most important so far as the present results are concerned, the enzymes of all the wild-type strains, whilst not necessarily identical, are very similar and so the resemblance that we have observed between the evolved and the original D-mandelate dehydrogenases is not merely a consequence of our happening to choose a derivative of wild-type strain EBF 65/65 as the source of the original enzyme to use for comparison. Secondly, we have shown that there are only small differences amongst the D-mandelate dehyrogenases and indeed some degree of strain-to-strain variation amongst the wild-type acinetobacters might be expected. Unfortunately, comparison with other microbial enzymes is not possible because detailed information about this type of variation is very scarce as most studies of enzyme heterogeneity have been limited by the constraints that any given enzyme has generally been purified from only a very small number of strains or else variations have been noted by comparing only those properties, such as electrophoretic mobility, that are easily detected in crude extracts (e.g. Pratt et al., 1979; Ochman et al., 1983; Goullet & Picard, 1987) .
